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Abstrat
We observed a strong modulation in the urrent-voltage harateristis of SrRuO3/Nb:SrTiO3
Shottky juntions by Mn substitution in SrRuO3, whih indues a metal-insulator transition in
bulk. The temperature dependene of the juntion ideality fator indiates an inreased spatial
inhomogeneity of the interfae potential with substitution. Furthermore, negative dierential re-
sistane was observed at low temperatures, indiating the formation of a resonant state by Mn
substitution. By spatially varying the position of the Mn dopants aross the interfae with single
unit ell ontrol, we an isolate the origin of this resonant state to the interfae SrRuO3 layer. These
results demonstrate a oneptually dierent approah to ontrolling interfae states by utilizing the
highly sensitive response of onduting perovskites to impurities.
PACS numbers: 73.40.Sx, 73.40.Gk, 73.40.-
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I. INTRODUCTION
Shottky juntions using perovskite oxides are systems in whih several interesting de-
vie properties have been reported, inluding resistane swithing
1
, magneti eld sensitive
diode
2
, and as a prototypial struture for enhaned photoarrier doping
3
. One of the impor-
tant onepts in Shottky juntions is the formation of interfae states whih strongly inu-
ene barrier formation, and in many ases are responsible for nonideal devie performane
4
.
In elemental metal/onventional semiondutor juntions, interfae states are formed as
onsequenes of intrinsi surfae reonstrutions, impurities or defets on the semiondutor
surfaes, or alloying by a metal-semiondutor reation. In many ases, the barrier forma-
tion proesses are driven predominantly by the properties of the semiondutor, and are
usually less dependent on the properties of the metal, with some exeptions suh as in the
presene of metal-indued-gap states
5
. This is due to the large dierene in the bonding
harater of the onstituents, namely spatially oriented ovalent bonds in semiondutors
and spatially uniform metalli bonds in the metal, whih an easily result in amorphous or
polyrystalline interfaes.
In ontrast, the hemial and strutural similarities between metalli and semionduting
perovskites enable the epitaxial growth of oxide heterojuntions. Furthermore, the eletri-
al ondutivity in metalli perovskites is often ahieved by the deliate energy balane
between ompeting ground states, as seen in high-Tc uprates or olossal magnetoresistive
manganites
6
. Upon doping, many perovskite metals transition through a arrier loalized
state long before ompletely beoming an insulator with a well-dened gap in the density
of states. When interfaes are formed using suh disordered metals, a new type of interfae
state formation an be antiipated, giving us an additional degree of freedom to manipulate
the interfae eletroni struture from the metal side.
To explore these ideas, we have investigated ontrolled impurity substitution in
SrRuO3/Nb:SrTiO3 juntions. This is an ideal system to study beause the interfae is
free from a polar disontinuity whih an be a signiant soure of interfae states
7
, and its
barrier formation is not dominated by interfae states, as evidened by the good agreement
between the experimentally determined Shottky barrier height
8,9
and the Shottky-Mott
relation. Additionally, Nb:SrTiO3 has been the most thoroughly investigated perovskite
semiondutor in juntion strutures, suh as the Shottky barrier height haraterization
8
2
and the studies of non-linear dieletri onstant and its eet on band bending
10,11
. SrRuO3,
in the absene of hemial substitution, is a representative onduting perovskite, with a
ferromagneti transition temperature TC = 160 K. It exhibits several unusual transport
properties, suh as the absene of resistivity saturation up to 1000 K
12
. The strong diver-
gene of dR/dT as T → T+C and the weak divergene when T → T
−
C raises questions of
the appliability of the standard Boltzmann transport piture, leading to the assignment
of SrRuO3 as a "bad metal"
13
. As an be expeted from the unusual behavior in its pure
form, SrRuO3 is highly sensitive to disorder indued by hemial doping suh as Ca
14
, Zn,
Ni, Co
15
, Fe
16
or Mn
15,17,18
doping, all of whih indue metal-insulator transitions. In the
ase of doping with a 3d transition metal ion at the Ru site, the Ru-O bonding network is
redued and arrier loalization ours beause of the loalized nature of the 3d orbitals.
Here, we study the eets of using a strongly orrelated metal at the juntion interfae by
examining the temperature dependent I -V harateristis of Mn-doped SrRuO3/Nb:SrTiO3
Shottky juntions. From the high temperature slope in the semi-logarithmi plot of the
I -V harateristis, the spatial distribution of the barrier height inreased by Mn substi-
tution. At low temperatures, we observed negative dierential resistane even for a single
layer of Mn substituted SrRuO3 metal at the interfae. These results indiate that the high
sensitivity of strongly orrelated metals to impurities an give rise to harateristi interfae
state formation from imperfetly sreened impurity ions.
II. EXPERIMENTAL
Epitaxial thin lm strutures were fabriated by pulsed laser deposition using a KrF
eximer laser with a uene of 2.0 J/m
2
on SrTiO3(100) substrates undoped and Nb =
0.5 wt % doped in an oxygen partial pressure (PO2) of 0.3 Torr (unless otherwise indiated)
and at a substrate temperature of 800
◦
C. The deposited lm thikness of SrRuO3 and
SrRu0.95Mn0.05O3 were 800 Å. Polyrystalline SrRu1−xMnxO3 (x = 0, 0.05, 0.15), SrMnO3,
SrTi0.95Mn0.05O3 and single rystal SrTiO3 targets were used.
The ritial onentration required for the bulk metal-insulator transition in
SrRu1−xMnxO3 is x = 0.4 (Ref. 18). At x = 0.05, predominantly studied here,
SrRu1−xMnxO3 is reported to be a metal with a slightly inreased resistivity and a re-
dued TC . The X-ray diration patterns of the thin lms revealed high quality epitaxial
3
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FIG. 1: (Color online) Temperature dependent resistivity (ρ) of the SrRuO3 (bold) and
SrRu0.95Mn0.05O3 (solid) thin lms grown on SrTiO3(100) substrates. The inreased resistivity
and the redued TC is evident for the SrRu0.95Mn0.05O3 thin lm.
growth and an out-of-plane lattie onstant of 3.95 Å for both SrRu0.95Mn0.05O3 and un-
doped SrRuO3. As shown in Fig. 1, the temperature dependent resistivity (ρ) of the
lms deposited on insulating SrTiO3(100) substrates exhibited metalli behavior with a TC
and residual resistivity of 150 K and 50 µΩm for SrRuO3, and 140 K and 150 µΩm for
SrRu0.95Mn0.05O3.
III. RESULTS
A. Temperature dependent I -V harateristis
The temperature dependent I -V harateristis for SrRuO3/Nb:SrTiO3 and
SrRu0.95Mn0.05O3/Nb:SrTiO3 are shown in Fig. 2(a) and (b), respetively. Ohmi
ontats were made by Ag paste diretly on the ruthenates and Al deposition on
Nb:SrTiO3. The polarity of the applied bias is dened as positive voltage applied to the
ruthenate.
In the ase of the SrRuO3 juntion, the forward bias urrent in the semi-logarithmi
plot is linearly proportional to the bias voltage with an overall shift to higher voltages
at lower temperatures, indiating near ideal Shottky behavior. The urrent transport
mehanism of these juntions was determined from the Rihardson plot shown in Fig. 3(a).
The redued slope at high temperatures indiates the ontribution of thermoioni eld
emission (TFE), whih is onsistent with the large reverse bias urrent aused by the high
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FIG. 2: (Color online) Temperature dependene of the I -V harateristis in (a)
SrRuO3/Nb:SrTiO3 and (b) SrRu0.95Mn0.05O3/Nb:SrTiO3 juntions. Measurements taken between
300 K and 20 K in 40 K steps.
doping onentration in Nb:SrTiO3. The gradual inrease in JS/T
2
at low temperatures
orresponds to the dominane of the eld emission (FE) proess in this temperature regime.
Here, JS is the saturation urrent density obtained by a linear extrapolation of the forward
biased region of the I -V harateristis to zero voltage. The temperature dependene of
the two juntions is very similar to what has been observed in Au/Nb:SrTiO3 Shottky
juntions
11,19
.
In ontrast, two apparent dierenes an be seen in the I -V harateristis of the
SrRu0.95Mn0.05O3/Nb:SrTiO3 juntion, ompared to the SrRuO3/Nb:SrTiO3 juntion (Fig.
2). First, the large derease in the urrent over the measured voltage range by almost an
order of magnitude, and seond, the appearane of urrent peaks and negative dierential
resistane (NDR) at forward bias below 60 K. Sine the NDR behavior is observed in
the FE low temperature region, Mn substitution appears to indue a resonant state
similar to a double barrier resonant tunneling diode
20
. A linear plot of the magnied I -V
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FIG. 3: (Color online) (a) Rihardson plot of SrRuO3 (SrRu0.95Mn0.05O3)/Nb:SrTiO3 juntions
showing a rossover from thermoioni eld emission to eld emission. (b) Evaluation of the Shottky
barrier height spatial inhomogeneity from the ideality fators. The irles (squares) denote SrRuO3
(SrRu0.95Mn0.05O3) and the lines are linear ts to the experimental data in the high temperature
regime.
harateristis and the normalized ondutane for SrRu0.95Mn0.05O3 is shown in Fig. 4(a)
and (b), respetively. As the temperature is dereased, a urrent peak emerges at ∼ +0.25
V. Measurements taken under an applied magneti eld of 13 T revealed no signiant
dierene in either the peak voltage or the ondutane, indiating that this is a harge
state, not a olletive magneti state.
The large derease in the urrent an be quantitatively addressed by analyzing the
temperature dependene of the juntion ideality fator whih indiates the degree of spatial
inhomogeneity of the Shottky barrier heights (ΦSB)
21
. The assumptions of a Gaussian
distribution and voltage dependene of the ΦSB give the following relationship, whih agrees
with many experimental results
21
:
1
n(T )
− 1 = ρ2 +
ρ3
2kT/q
. (1)
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FIG. 4: (Color online) Temperature dependene of the (a) I -V harateristis and (b) the nor-
malized ondutane in a SrRu0.95Mn0.05O3/SrTiO3 juntion. Solid (dotted) lines in (b) denote a
voltage sweeps in the positive (negative) diretion. NDR emerges as the temperature is dereased.
Here, n is the ideality fator, k the Boltzmann onstant, and q the eletroni harge. ρ2 is a
measure of the sensitivity of ΦSB to the applied voltage and ρ3 orresponds to the standard
deviation in ΦSB. The present results plotted following Eq. (1) are shown in Fig. 3(b).
The obtained values (ρ2, ρ3) are (-0.57, 5.31 meV) for SrRuO3 and (-0.30, 9.08 meV) for
SrRu0.95Mn0.05O3. The inrease in ρ3 by almost a fator of two for the Mn-doped juntion
indiates that the presene of Mn ions inreases potential utuations at the interfae.
B. Interfae modulation
To verify the role of Mn doping on the NDR, we fabriated modulated heterointerfaes
where the Mn onentration was varied aross the interfae as shown in Fig. 5(a). In the ve
strutures, the loation of the Mn ions is systematially varied with respet to the interfae.
Strutures with single unit ell (u) features were deposited while monitoring the reetion
high-energy eletron diration (RHEED) intensity. A two stage dierential pumping setup
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FIG. 5: (Color online) (a) Shemati diagram of the artiial strutures grown to systematially
vary the distribution of Mn ions with respet to the interfae. (1) SrRuO3/[SrMnO3℄1uc/Nb:SrTiO3,
(2) SrRu0.95Mn0.05O3/Nb:SrTiO3, (3) SrRuO3/ [SrRu0.95Mn0.05O3℄1uc/Nb:SrTiO3, (4)
SrRuO3/Nb:SrTiO3, (5) SrRuO3/[SrTi0.95Mn0.05O3℄1uc/Nb:SrTiO3. (b) I -V harateristis
and () the normalized ondutane of the strutures illustrated in (a). NDR is observed only in
strutures (2) and (3).
enabled RHEED observations at high pressure.
In struture (1), one unit ell of SrMnO3 is deposited on the Nb:SrTiO3 substrate at
PO2 = 0.1 Torr, followed by a thik layer of SrRuO3. The redued urrent density in the
whole voltage range at 20 K an be attributed to the high resistivity of SrMnO3 at low
temperatures, and as is evident from Fig. 5(b), no NDR was observed. In struture (2)
the surfae of the Nb:SrTiO3 is fully overed with SrRu0.95Mn0.05O3 as disussed above.
In struture (3), one unit ell of SrRu0.95Mn0.05O3, grown at PO2 = 0.1 Torr, is inserted
between a thik layer of SrRuO3 and the Nb:SrTiO3 substrate. The basi features of the
I -V harateristis are the same as in SrRuO3/Nb:SrTiO3 but with the presene of a urrent
peak, implying that the origin of the observed NDR is not aused by the modiation of
the band alignment but the modiation of the loal interfae struture. Struture (4) is
the ase of SrRuO3/Nb:SrTiO3, whih is shown again for omparison. The extreme ase,
simulating a situation where the Mn ions are embedded inside Nb:SrTiO3, is demonstrated
in struture (5). Here, a single unit ell of SrTi0.95Mn0.05O3 was deposited on Nb:SrTiO3
8
FIG. 6: Annular dark eld STEM images of a (SrRu1−xMnxO3/SrTiO3) multilayer. (a) Overview
of the struture. (b) High magniation image of the abrupt SrRu0.95Mn0.05O3/SrTiO3 interfae.
at PO2 = 1.0 × 10
−5
Torr, followed by the deposition of SrRuO3. From investigations of
the leakage urrent at metal/Mn-doped SrTiO3 ontats, Mn-doped SrTiO3 is known to be
insulating
22,23
. In this ase also no NDR was observed.
The above investigation has given evidene that the appearane of the low temperature
NDR is assoiated with the presene of a low onentration of Mn ions on the metal side,
ruling out the possibility of Mn, embedded in the substrate by diusion or implantation
ating as ioni potentials within the depletion region
24,25
. The absene of the urrent peak
in struture (1) is asribed to the formation of a SrMnO3 band rather than isolated atomi
states at the interfae.
C. Eletron mirosopy and spetrosopy
The mirosopi struture of the ruthanate/titanate interfae was analyzed using sanning
transmission eletron mirosopy (STEM) performed in a 200 kV FEI Tenai F20 STEM.
A superlattie of SrRuO3 (20 nm)/SrTiO3 (10 nm)/SrRu0.85Mn0.15O3 (20 nm)/SrTiO3 (10
nm)/SrRu0.95Mn0.05O3 (20 nm) was fabriated on a SrTiO3(100) substrate (Fig. 6(a)). An
annular dark eld (ADF) STEM image of the interfae between the substrate and the rst
ruthanate layer, SrRu0.95Mn0.05O3, is shown in Fig. 6(b), demonstrating that the inter-
fae is hemially abrupt, with no obvious defets or disloations. All Shottky juntions
analyzed in this work were prepared under similar onditions as the test struture above,
9
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FIG. 7: (Color online) Mn-L2,3 eletron energy loss spetra from the three Mn doped SrRuO3 layers
imaged in Fig. 6(a). For omparison Mn
3+
and Mn
4+
referene spetra are shown.
suggesting that the interfaes in these juntions are of omparable quality. In order to
understand the loal bonding of the Mn dopants in SrRu1−xMnxO3, eletron energy loss
spetrosopy (EELS) was performed. From the simple piture of Mn for Ru substitution in
SrRu0.95Mn0.05O3, a Mn valene state of 4+ is expeted, however, Mn
3+
an also be present
due to harge disproportionation in the form of Mn
4+
+ Ru
4+
⇋ Mn
3+
+ Ru
5+
(Ref. 26).
In Fig. 7, the Mn-L2,3 spetra for the three ruthanate layers are ompared to Mn
3+
and
Mn
4+
referene spetra obtained from bulk LaMnO3 and SrMnO3, respetively
27
. From the
peak position of the Mn-L3 edge a Mn valene of 3 ± 0.3 in the Mn doped ruthanate layers
an be inferred.
IV. DISCUSSION
From the above studies, we have found that impurity doping on the metal side an
strongly inuene the eletroni struture at the interfae. We onsider the relation between
Mn doping in SrRuO3 and the NDR by examining the eletroni strutures of the two parent
ompounds SrRuO3 and SrMnO3. In SrRuO3, the rystal eld splitting 10Dq of ∼ 3 eV is
obtained from optial spetrosopy measurements
28
, and the oxygen 2p band lies below the
10
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FIG. 8: (a) A shemati diagram of the density of states for SrRuO3 and SrMnO3. (b) Interfae
band diagram illustrating the loalized state on the metal side of the interfae. VF is the applied
forward bias voltage, EF is the Fermi level, ΦSB the Shottky barrier height, and Eloc is the loalized
state at the interfae.
Ru t2g band where the Fermi level is loated as shown in Fig. 8(a). We base our disussion
on SrMnO3 with a ubi G-type antiferromagneti ground state for whih the theoretially
alulated density of states are shematially shown in Fig. 8(a). The top of the valene
band overlaps with the oxygen 2p band and the Mn eg bands are loated ∼ 0.3 eV above the
Fermi level
29
. Within a rigid band piture, the Ru to Mn substitution modies the empty
states of SrRuO3 arising from the Mn eg states. Furthermore, the doping independent lattie
onstant favors Mn ions to be loalized owing to their smaller ation radius.
The observation of the urrent peak at forward bias and below 1.47 eV, the ΦSB of
SrRuO3/Nb:SrTiO3(100)
8
, further support the above band struture onsideration. Only
when the loalized states (Eloc) lie between the Fermi level (EF ) and ΦSB, an NDR be
observed under forward bias, as illustrated in Fig. 8(b). In other ases, either the urrent will
be dominated by the large FE urrent, or the loalized states are buried in the large density of
states of the host. We onlude that the NDR observed at the SrRu0.95Mn0.05O3/Nb:SrTiO3
interfae is aused by the loalized Mn eg states inside SrRu0.95Mn0.05O3 ating as the
resonant state.
V. CONCLUSIONS
We have applied the highly sensitive response of metalli perovskites to impurities in
a Shottky juntion to demonstrate that the interfae eletroni struture an be strongly
modied by introdution of substitutional impurities on the metal side. The hange in the
11
juntion harateristis indued by impurity doping is unexpetedly large onsidering the
small dierenes in the in-plane bulk transport properties. In addition to the enhaned
spatial utuation of the interfae potential, the dispersed Mn ions at as resonant states
giving rise to NDR in the I -V harateristis. The poor eletrostati sreening generally
present in metalli perovskites and the lose similarity in the hemial bonding between
metalli and semionduting perovskites an result in robust interfae states exhibiting the
harater of the impurity element. Further studies may lead to designing resonant tunneling
strutures by simple doping of a metalli host, or as a prototypial struture for spetrosopi
investigation of sreening, loalization, and metal-insulator transitions in strongly orrelated
eletron systems.
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